Introduction {#sec1-1}
============

Wnt signaling pathways play essential roles in cellular proliferation, differentiation and cell migration during embryonic development. The importance of Wnt signaling is indicated by conservation of its molecular components across organisms ranging from nematodes to humans. Wnt pathways are classified into canonical Wnt/β-catenin or non-canonical (β-catenin-independent) pathways. Canonical Wnt/β-catenin signaling is the most studied, and is mediated by nuclear translocation of its central effector β-catenin. In the absence of Wnt ligands, cytoplasmic β-catenin is prevented from reaching its nuclear targets due to its constitutive degradation by a protein complex containing axin, adenomatous polyposis coli (APC), casein kinase 1 (CK1) and glycogen synthase kinase 3 (GSK3β). Wnt signaling activation is initiated by binding of one of 19 Wnt ligands to one of 10 Frizzled (Fzd) receptors and the co-receptor low-density lipoprotein receptor related protein 5 or 6 (LRP5/6). Formation of this receptor complex and recruitment of the scaffolding protein Dishevelled (Dvl) leads to LRP5/6 phosphorylation and inhibits β-catenin degradation. Stabilized β-catenin then accumulates and translocates to the nucleus where it forms large protein complexes containing T-cell factor/lymphoid enhancer factor (TCF/LEF) transcription factors, which leads to induction of Wnt target genes (MacDonald et al., 2009) ([**Figure 1**](#F1){ref-type="fig"}).

![Overview of canonical and non-canonical Wnt signaling pathways.\
(Left) Unstimulated Wnt pathway results in constitutive β-catenin degradation. Wnt stimulation stabilizes β-catenin leading to lymphoid enhancer factor 1 (LEF1)/T-cell factor (TCF) target gene expression. (Center) Wnt/Calcium pathway stimulated through Ryk and Ror2 co-receptor leading to cytoplasmic calcium release from the endoplasmic reticulum and NFAT mediated gene expression. (Right) Wnt/planar cell polarity pathway ativates small GTPases leading to actin cytoskeleton re-organization. LRP5/6: lipoprotein receptor related protein 5 or 6; Fzd: Frizzled; Dvl: Dishevelled; APC: adenomatous polyposis coli; CK1: casein kinase 1; Gsk3: glycogen synthase kinase 3; βTrcp: beta-transducin repeats-containing protein; Ror2: receptor tyrosine kinase-like orphan receptor 2; IP3: inositol 1,4,5-triphosphate; PKC: protein kinase C; NFAT: nuclear factor of activated T-cells; CaMKII: CaM kinase II; RhoA: Ras homolog gene family, member A.](NRR-13-43-g001){#F1}

Non-canonical Wnt signaling occurs independently of β-catenin--TCF/LEF and is stimulated by Wnt ligands that bind to a receptor complex of Fzd, Ror1/2 or Ryk ([**Figure 1**](#F1){ref-type="fig"}) (Gomez-Orte et al., 2013). Binding to these receptors induces signaling through the Wnt/planar cell polarity (PCP) and Wnt/Ca^2+^ pathways. The PCP pathway is initiated when Fzd receptors activate a cascade involving small GTPases RAC1, the Ras homolog gene family member A (RHOA) and c-Jun N-terminal-kinase (JNK). These downstream effectors induce cytoskeletal rearrangements and ultimately lead to morphogenetic changes during gastrulation in the developing embryo (Seifert and Mlodzik, 2007).

The other main non-canonical pathway, the Wnt/Ca^2+^ pathway, shares several components with the PCP pathway. Wnt/Ca^2+^ signaling is induced when Wnt ligands (primarily Wnt5a and 11) bind to Fzd receptors, which activates heterotrimeric G proteins and leads to phospholipase C activation and release of calcium from intracellular stores (Gomez-Orte et al., 2013). Elevated calcium levels activate protein kinase C and calcium/calmodulin-dependent kinase II, which regulate dorsal axis formation and promote ventral cell fate and tissue separation during gastrulation (Seifert and Mlodzik, 2007).

Wnt Signaling Pathways Regulate Regeneration in the Central Nervous System (CNS) {#sec1-2}
================================================================================

In the developing optic nerve, brain and spinal cord, canonical Wnt signaling pathways regulate axonal growth and remodeling and act as critical axon guidance factors (Schmitt et al., 2006). Wnt ligands, such as Wnt3a, 4 and 7b, are target-derived signals during early and late CNS development and induce axon branching, growth cone formation, axonal outgrowth and synaptic assembly. The functional consequence of Wnt ligands on axons is complex due to their concentration-dependent effects that result in opposite activities when bound to different receptors. For example, Wnt3a is expressed in a medial-to-lateral gradient in the developing chick optic tectum and mouse superior colliculus. In the midbrain, it acts at low concentrations through Fzd receptors to attract growing retinal ganglion cell (RGC) axons, whereas at high Wnt ligand concentrations it acts through Ryk receptors to mediate axonal repulsion (Schmitt et al., 2006).

Recent studies in the adult CNS after injury demonstrated that canonical Wnt signaling induces axonal regeneration and neurite growth, suggesting that the developmental role for Wnt can be repurposed in adults by exogenous stimulation of the pathway. Intravitreal injections of the canonical Wnt/β-catenin signaling activator Wnt3a induced significant axonal growth past the axon lesion site in a murine optic nerve crush injury model (Patel et al., 2017). Additionally, Wnt3a activity led to increased RGC survival and higher function than was observed in controls (Patel et al., 2017). In another study, Wnt3a signaling promoted neurite outgrowth, increased neuronal function and induced repair after spinal cord contusion injury in adult rats (Yin et al., 2008). Wnt3a promoted the differentiation of endogenous neural stem cells into neurons and induced re-myelination of the lesion site, leading to improved axonal conduction and spinal cord function (Yin et al., 2008).

The zebrafish model of spinal cord injury has also been used to investigate the regenerative activity of Wnt signaling. Increased expression of β-catenin and Wnt4b were observed after spinal transection in adult zebrafish and correlated with axonal regeneration and functional recovery (Strand et al., 2016). The importance of endogenous Wnt/β-catenin signaling to spinal cord regeneration was shown by overexpressing the Wnt inhibitor Dkk1b, which inhibited axonal regeneration through the injury site and blocked recovery of swimming capability. In zebrafish, axon regeneration requires the formation of a glial bridge that serves as a scaffold for growing axons, and this glial bridge was also inhibited by blocking Wnt signaling (Strand et al., 2016). Elevated Wnt/β-catenin activity was observed in radial glia after spinal cord injury in zebrafish larvae, and Wnt signaling was necessary for neurogenesis and axonal regrowth (Briona et al., 2015). Furthermore, spinal cord injury in zebrafish caused increased Wnt/β-catenin signaling in fibroblast-like cells adjacent to regenerating axons (Wehner et al., 2017). Wnt signaling in these cells induced collagen XII expression and deposition at the lesion site, and the extracellular matrix changes facilitated axonal growth through the lesion. The authors also demonstrated that genetic and pharmacologic inhibition of Wnt/β-catenin signaling, or blocking collagen XII deposition, prevented axonal regeneration and functional recovery (Wehner et al., 2017). Experiments that manipulated the timing of Wnt inhibition indicated that Wnt signaling promoted regeneration only when axons were growing across the lesion site but not at later time-points (Wehner et al., 2017). Together, these studies demonstrate the influence that Wnt signaling exerts over the cellular environment that are permissive to axonal growth, and provide evidence for a regenerative role of canonical Wnt signaling within the CNS.

Although ligands that activate canonical Wnt signaling generally promote axonal growth, there is substantial evidence that ligands activating non-canonical Wnt-Ryk pathways inhibit axonal growth. In the developing cortical spinal tracts and corpus callosum, non-canonical ligands Wnt1 and 5a bind to Ryk receptors and repel growing axons (Yam and Charron, 2013). Also, the Wnt receptor Ryk was expressed at the lesion site in a rat spinal injury model, and addition of the Wnt inhibitors SFRP2 and WIF1 enhanced axonal regeneration, indicating a repulsive function of endogenous Wnt (Hollis and Zou, 2012). Furthermore, grafting bone marrow stem cells that over-expressed Wnt4 into spinal lesions of the dorsal column led to long-range retraction of the sensory nerve axons. Similarly, injection of function-blocking Ryk antibodies at the lesion site of the dorsal spinal cord in mice caused increased sprouting of corticospinal tract branches around the injury site (Liu et al., 2008). Miyashita et al. (2009) also demonstrated that blocking Wnt5a-Ryk signaling resulted in significant axonal growth of the corticospinal tract and enhanced functional recovery in a spinal cord contusion model. Therefore, expression of repulsive non-canonical Wnt ligands contributes to the lack of axon regeneration in the CNS in these models, and blocking non-canonical Wnt signaling promoted axonal growth and functional recovery (Salinas, 2012; Onishi et al., 2014).

The studies above demonstrate that different Wnt ligands have distinct effects on growing axons, and that canonical and non-canonical pathways can have opposite effects. Adding to the complexity is that the canonical ligand Wnt3a can activate both canonical and non-canonical signaling pathways in the same cell type (Nalesso et al., 2011), further increasing the possible effects of Wnt stimulation on axons. Finally, although the interaction between canonical and non-canonical Wnt signaling is complex, they generally have an inhibitory effect on each other, as demonstrated during development (Topol et al., 2003). Because non-canonical Wnt ligands and receptors are expressed in the adult retina and spinal cord, an interesting question is whether Wnt3a promotes axonal regeneration by antagonizing the anti-regenerative properties of non-canonical Wnt signaling.

Wnt Signaling and Neurite Growth {#sec1-3}
================================

Neurite growth in neurons and explants grown *in vitro* is often used as a simple model of growth cone formation and axonal outgrowth. Many studies have analyzed the effect of Wnts on neuritogenesis in cultured neurons. Wnt ligands induce neurite extension in various neuronal types, including Wnt7a in cultured mouse cerebellar granule cells (Lucas and Salinas, 1997), Wnt3a in primary cultured RGCs (Udeh et al., submitted), Wnt5a and Wnt3b in chick RGCs (Rodriguez et al., 2005), and Wnt7b in mouse hippocampal neurons (Rosso et al., 2005). Also, Wnt3 and Wnt3a added to cultured spinal cord cell neural precursors increased neurogenesis and promoted neurite outgrowth through β-catenin/TCF4-dependent transcription (David et al., 2010). However, Wnt signaling had no effect in embryonic chick statoacoustic ganglion neurons (Fantetti et al., 2011), and inhibited neurite growth in other cells types, such as PC12 cells (Selvaraj et al., 2015). Furthermore, the Wnt antagonist secreted fizzled receptor protein 1 (SFRP1) induced neurite growth in chick RGC explants through the Fzd2 receptor, but was independent of Wnt/β-catenin signaling (Rodriguez et al., 2005). Wnt-dependent GSK3β inactivation also increased neurite formation (Lucas et al., 1998), and LiCl, which activates Wnt/β signaling by inhibiting GSK3β activity, enhanced neurite sprouting and branching, and altered microtubule organization in a dose-dependent manner in cultured adult spiral ganglion neurons (Shah et al., 2013).

Therefore, the activity of Wnt/β-catenin in promoting neurite formation in culture is consistent with its axonal growth role in the optic nerve and spinal cord in vivo, although its ability to promote neurite formation differs amongst neuronal types. Interestingly, Hur et al. (2011) demonstrated that the regulation of axonal growth is controlled by activity levels of GSK3β: high GSK3β activity impairs axonal growth by destabilizing microtubules, moderate GSK3β levels stabilize microtubules and promote axonal growth, whereas low GSK3β activity blocks microtubule extension and attenuates axon growth. This gradient effect may also occur downstream of Wnt/β-catenin activation and could explain the conflicting findings of Wnt ligands on neurite outgrowth in different cell types.

Activation of Wnt/β-Signaling in Neurons and Glia {#sec1-4}
=================================================

Canonical Wnt/β-catenin signaling reporter mice are strains of transgenic mice with a *LacZ* transgene controlled by TCF/LEF consensus DNA binding elements and a minimal promoter. The establishment of transgenic Wnt reporter mice and reliable antibodies allows researchers to identify cell types that contain functional Wnt signaling, express LRP and Fzd receptors and secrete Wnt ligands. Transgenic zebrafish with a fluorescent reporter of β-catenin/TCF-mediated transcription have also been used to follow Wnt signaling activation during injury and regeneration (Strand et al., 2016). Canonical Wnt pathway activation was shown to be induced dynamically in the developing retina (Liu et al., 2003), and Wnt signaling is constitutively activated in the ganglion cell layer and amacrine cells in adult wild-type mice (Liu et al., 2006; Yi et al., 2007). Transcript levels of various Wnt ligands, receptors and regulators show differential expression throughout retinal development and during RGC differentiation (Liu et al., 2006), and changes in several Wnt receptor genes were detected in degenerating retinas (Yi et al., 2007). Furthermore, activated endogenous Wnt/β-catenin signaling was localized in RGCs and adjacent Muller glia after optic nerve injury (Patel et al., 2017).

Multiple ligands in the retina have been identified in the adult retina, including Wnt1, Wnt2b, Wnt3a, Wnt4, Wnt5a, Wnt5b, and Wnt10a, and these ligands could potentially contribute to the regenerative response to axonal injury. Additionally, the identity of Wnt ligand-secreting cells has been examined by localizing Wnt ligands at the protein and transcript levels. Immunohistochemistry analyses demonstrated that cells within the GCL, as well as Muller glia and photoreceptors, express the canonical ligand Wnt3a (Patel et al., 2015), and *in situ* hybridization localized numerous transcripts for Wnt ligands to RGCs, amacrine cells, ciliary epithelium and retinal progenitor cells (Blackshaw et al., 2001; Liu et al., 2003, 2006). The signaling and regeneration mechanisms induced by the majority of these Wnt ligands remain to be characterized, with the exception of Wnt3a-induced optic nerve regeneration, which involves STAT3 (Patel et al., 2017), and Wnt10b, which stimulates robust axonal regeneration in mouse RGCs by activating mTOR (Tassew et al., 2017). These mechanisms are described in detail below. Finally, limited information is currently available regarding the identity of the Wnt receptors that are expressed in RGCs and regenerating axons. Because different combinations of ligand-receptors could have distinct outcomes to the cell, a focus of future studies should include characterizing the regenerative roles of different receptors.

Wnt ligands and β-catenin are also upregulated in the spinal cord following axonal injury (Lambert et al., 2016; Strand et al., 2016) and Wnt signaling was localized to various cell types, including fibroblast-like cells, radial glia, oligodendrocytes, microglia/macrophages, astrocytes and neurons (Lambert et al., 2016). Wnt receptors and ligands were down-regulated and Wnt inhibitors were upregulated at specific time-points after spinal cord injury in mice, and differential expression of the Fzd receptors was observed in neurons and glia (Gonzalez-Fernandez et al., 2014). In contrast, increased expression of Wnt ligands and activated β-catenin were observed in white matter in a rat spinal cord injury model (Fernandez-Martos et al., 2011). Additionally, the repulsive Ryk receptor was induced in injured cortico-spinal tract axons, and Wnt5a was induced in reactive astrocytes around the injury site (Liu et al., 2008).

Extrinsic and Intrinsic Effects of Wnt Signaling {#sec1-5}
================================================

Wnt ligands and receptors are expressed within neurons and non-neuronal cells, which raises questions about the relative roles of intrinsic and extrinsic influences on Wnt-dependent axonal regeneration. Indeed, the cell types that contain elevated Wnt signaling appear to be important to the overall effect of canonical Wnt signaling on neuronal damage. Activation of Wnt signaling in retinal Muller glia after optic nerve injury (Patel et al., 2017) and during retinal degeneration (Yi et al., 2007), suggests that radial glia cells influence the survival and regenerative activity of RGCs. Similarly, β-catenin accumulated in Muller glia nuclei after light injury in zebrafish (Meyers et al., 2012) and N-methyl-D-aspartic acid injury in rat (Osakada et al., 2007). Regenerative factors are expressed in various cell types in the retina in addition to RGCs, but the contribution of pro-regeneration signaling in non-RGCs to the overall regenerative capacity is mostly unknown.

Evidence is accumulating that activating regeneration pathways in uninjured non-RGC cell types may enhance axonal regeneration, compared with activating them in degenerating RGCs. As mentioned above, elevated Wnt/β-catenin activity was observed in radial glia and was required for axonal regeneration in a zebrafish spinal cord injury model (Briona et al., 2015). Also, activated Wnt/β-catenin signaling was localized to fibroblast-like cells adjacent to regenerating axons (Wehner et al., 2017). Similarly, elevated Wnt/β-catenin signaling within olfactory ensheathing cells (OECs), which are major glia cells in the olfactory system, promotes neurite growth and synaptogenesis of co-cultured neurons (Yang et al., 2013). Previous studies indicated the importance of retinal glia in mediating the regenerative activity of various growth factors. For example, viral delivery of ciliary neurotrophic factor (CNTF) to Muller glia promoted optic nerve axonal extension and sprouting (Pernet et al., 2013), and transplantation of astrocytes and Muller glia into the spinal cord led to axonal growth in DRG neurons (Lorber et al., 2015). Muller glia are generally protective to RGCs and induce RGC neuritogenesis *in vitro* (Garcia et al., 2002), suggesting that Wnt signaling in Muller glia could mediate protective and regenerative effects on RGCs. Therefore, the cellular localization of active Wnt signaling after injury raises the concept that the pro-regenerative effect of Wnt/β-catenin is the culmination of its activity in multiple cell types, including not only the injured neurons, but also radial glia, microglia and other inflammatory cells. Although the role of these cells with active Wnt is beginning to be understood after spinal cord injury, additional studies are needed to determine the contributions of Wnt signaling in the retina in non-RGC cells, such as Muller glia and microglia, to axonal regeneration after optic nerve injury.

The location of Wnt signaling relative to the injury site may be a key factor in whether axons regenerate. During spinal injury, formation of a glial scar around the lesion limits inflammation and reduces further tissue damage (Herrmann et al., 2008). While astrocytes are thought to be the primary source of the glial scar, oligodendrocyte precursor cells (OPCs) have been shown to regulate astrogliosis in a β-catenin dependent manner (**Figure [2--(3)](#F2){ref-type="fig"}**). OPCs express PDGFRα and NG2, and proliferate and mature during injury to aid in myelin repair (Tripathi and McTigue, 2007). Reduced gliosis was observed in conditional knock-out mice that lacked β-catenin specifically in PDGFRα-expressing OPCs after spinal cord injury and optic nerve crush (Duncan et al., 2014; Rodriguez et al., 2014). Additionally, knockout of β-catenin within OPCs reduced the accumulation and proliferation of these cells at the site of spinal injury, leading to reduced glial scar and increased RGC axonal regeneration (Rodriguez et al., 2014). Comparing between the studies of optic nerve and spinal cord regeneration described above, we hypothesize that the anti-regenerative effect of β-catenin in the Rodriguez study is due to Wnt signaling within glial-scar forming cells, in contrast to the regenerative effect in the optic nerve when Wnt3a signaling was activated within the retina in the affected neurons and adjacent radial glia. Therefore, studies that examine the axonal growth effect of Wnt signaling activators or inhibitors need to consider where the pathway is being stimulated relative to the injury site, in which cell types it is activated, and also potentially the dose used due to the differential concentration-dependent gradient effect of Wnt ligands.

![Potential mechanisms of Wnt-induced regeneration.\
(1a, b) Wnt/β-catenin signaling within retinal ganglion cells (RGCs) leads to increased RGC survival and axonal regeneration. Muller glia and microglia also show elevated Wnt signaling associated with RGC axonal growth. (2) Wnt signaling within RGCs and non-RGCs induces pro-survival growth factors, including brain derived neurotrophic factor (BDNF), ciliary neurotrophic factor (CNTF), nerve growth factor (NGF) and fibroblast growth factor (FGF). Signal transducers and activators of transcription 3 (STAT3) is a transcription factor downstream of Wnt signaling that was shown to contribute to Wnt3a-mediated axonal growth. (3) Astrocytes and oligodendrocytes form a glial scar following optic nerve injury. Wnt signaling within oligodendrocytes regulates gliosis, which may limit the regenerative potential of axons. (4) Wnt/β-catenin mediates growth cone dynamics *via* glycogen synthase kinase 3 (Gsk3)/Axin1/adenomatous polyposis coli (APC) interactions with microtu-bule plus ends *in vitro*, suggesting they may have a similar role *in vivo*. (5) Several Wnt ligands are axonal chemo-attractants during central nervous system (CNS) development, and could potentially modulate axonal navigation following injury by act-ing in combination with inhibitory guidance molecules such as EphrinA3.](NRR-13-43-g002){#F2}

Mechanisms of Wnt-Induced Regeneration {#sec1-6}
======================================

Molecular pathways that regulate axonal regrowth after optic nerve injury fall into several broad categories, including growth factors, such as Wnt, CNTF, brain derived neurotrophic factor (BDNF) and semaphorins, growth-suppressive transcription factors, such as KLF4, essential signaling mediators such as signal transducer and activator of transcription 3 (STAT3) and phosphatase and tensin homolog deleted on chromosome ten 2 (PTEN2), inflammatory factors, synaptic activity and visual stimuli (Pernet and Schwab, 2014). The mechanisms by which Wnt signaling promotes axonal regeneration could involve induction of these axon growth-promoting genes, and/or Wnt signaling may directly regulate growth cone remodeling by altering microtubule stability at the axonal growth cone ([**Figure 2**](#F2){ref-type="fig"}). Additional mechanisms may involve Wnt-dependent regulation of inflammation and neuronal survival. In the following sections, we summarize evidence for the contribution of these candidate mechanisms.

Transcriptional regulation of pro-survival and regenerative genes {#sec2-1}
-----------------------------------------------------------------

Wnt signaling induces genes that promote neuronal survival in the retina after cellular injury and axonal damage, including CNTF, BDNF, nerve growth factor (NGF) and STAT3 (Mansour-Robaey et al., 1994; Seitz et al., 2010; Patel et al., 2015, 2017). Many of these growth factors also induce axonal growth in the optic nerve when over-expressed. Similarly, neurotrophins and developmental growth factors, such as BDNF, fibroblast growth factor (FGF), sonic hedgehog (Shh) and bone morphogenetic proteins (BMPs) are implicated in spinal cord regeneration (Cardozo et al., 2017). These growth factors could contribute to Wnt-dependent neuronal survival and regeneration, or they may primarily promote survival such that the surviving neurons are able to respond to other axonal growth cues (**Figure [2--(2)](#F2){ref-type="fig"}**). Pro-survival activity is important for regeneration, although surviving cells need additional growth cues to extend their axons. Studies have not yet distinguished whether these growth pro-survival proteins are necessary for both Wnt-dependent survival and regeneration, or are only required for survival and that the surviving RGCs were able to respond to other axonal growth cues.

BDNF is a well-characterized growth factor that is induced by Wnt signaling in the retina. Wnt3a and the atypical Wnt ligand Norrin induced BDNF in several retinal cell types, including Muller glia and RGCs (Seitz et al., 2010; Yi et al., 2012). The upstream promoter region of the BDNF gene contains binding motifs for Wnt3a-dependent TCF/LEF transcription factors, indicating that Wnt directly regulates BDNF expression (Yi et al., 2012). Previous studies demonstrated that exogenous BDNF promotes the survival of axotomized RGCs following axonal injury (Sawai et al., 1996) and induces axonal regeneration when used in combination with other neurotrophic factors (Mansour-Robaey et al., 1994). BDNF and Wnt2 also synergized to regulate growth and maturation of dendritic spines in cultured cortical neurons (Hiester et al., 2013).

CNTF is another well-studied growth factor that is regulated by Wnt signaling (Seitz et al., 2010). Multiple lines of evidence demonstrate that CNTF protects axotomized RGCs and stimulates axonal regeneration when delivered by viral injections (Leaver et al., 2006; Muller et al., 2009) or injections of high doses of recombinant CNTF (Cui et al., 2003). Intraocular injection of CNTF induced signaling pathways in Muller glia that led to increased RGC survival and axonal growth (Pernet et al., 2013), similar to RGC axonal growth following Wnt3a-inducing signaling in Muller glia (Patel et al., 2017). Therefore, these studies support the idea that Wnt may promote RGC survival and regeneration by inducing BDNF or CNTF.

Additionally, Wnt signaling upregulates Stat3 expression and activation (Fragoso et al., 2012; Patel and Hackam, 2012, 2014; Patel et al., 2015). Stat3 is a transcription factor that mediates signaling from the ligands CNTF, interleukin- 6 (IL-6), leukemia inhibitory factor (LIF), oncostatin M and other cytokines. A direct role for Stat3 in axonal regeneration after optic nerve injury has been reported by several groups. For example, over-expression of an active variant of Stat3 led to robust neurite outgrowth in vitro, and transduction of Stat3 into RGCs *in vivo* resulted in substantial axonal regeneration of the optic nerve following injury (Mehta et al., 2016). Furthermore, knockdown of the endogenous Stat3 inhibitor SOCS3 induced axonal outgrowth and elongation in the optic nerve (Smith et al., 2009; Sun et al., 2011). Stat3 activation also contributes to Wnt3a-induced axonal regeneration and RGC survival after optic nerve crush (Patel et al., 2017). Elevated retinal Stat3 activation was associated with Wnt3a-induced axonal regeneration, and reducing Stat3 expression using a conditional Stat3 knock-out mouse line diminished Wnt3a-dependent axonal regeneration and reduced RGC survival (Patel et al., 2017). Notably, loss of Stat3 did not completely eliminate Wnt3a-dependent axonal regeneration, which suggests that additional target genes or mechanisms contribute to axon growth after Wnt3a stimulation.

Inflammation {#sec2-2}
------------

Inflammatory signaling has complex effects on neuronal survival and axonal regeneration that range from beneficial to deleterious. For example, intravitreal injections of zymosan or lens injury stimulated axonal growth in the optic nerve (Yin et al., 2009). Consistent with this observation is that cytokines released during low levels of inflammation induced regeneration and increased the ability of NT-3 and other trophic factors to promote corticospinal tract sprouting (Chen et al., 2008; Benowitz and Popovich, 2011). Several molecules have dual functions in inflammatory signaling and axonal regeneration, including CNTF and LIF (Leibinger et al., 2009), which are both induced by Wnt/β-catenin signaling. Indeed, Wnt/β-catenin signaling has both positive and negative effects on local inflammatory pathways in the brain after neuronal damage induced by stroke, trauma and disease (Marchetti and Pluchino, 2013), suggesting that Wnt may have a complicated, and not yet understood, role in immune-stimulated axonal regeneration.

Macrophages and microglia are the primary inflammatory cells in the retina. They act as important mediators of neuronal damage and play roles in axonal regeneration following injury. Microglia produce proinflammatory cytokines and phagocytose injured cells and debris and are implicated in regulating neuronal survival and axonal growth. Activated canonical Wnt signaling was localized to retinal microglia during retinal degeneration in Wnt reporter mice (Yi et al., 2007) (**Figure [2--(1)](#F2){ref-type="fig"}**). Cultured microglia expressed multiple Wnt receptors and signaling components, and Wnt3a induces cytokine secretion (Halleskog et al., 2011). Additionally, ocular injections of Wnt3a increased the number of microglia in the retina, suggesting a role for microglia in Wnt3a-mediated axonal regeneration after optic nerve crush (Patel et al., 2017). However, microglia showing increased β-catenin expression, implying elevated Wnt signaling, was associated with their pathological pro-inflammatory transformation in Alzheimers disease tissue and in a mouse model of beta-amyloid-induced degeneration (Halleskog et al., 2011). Interestingly, a recent study found that depletion of microglial cells in the retina and optic nerve had no effect on its regenerative capacity (Hilla et al., 2017). Therefore, whether increased Wnt signaling within microglia is related to Wnt3a-dependent neuronal survival and regeneration in the optic nerve requires further investigation.

Another site of cross-talk between Wnt signaling and inflammation is through the intersection between Wnt/β-catenin signaling and nuclear factor kappaB (NF-κB) pathways (Du and Geller, 2010). Activation and translocation of the NF-κB transcription factor induces numerous pro-inflammatory genes that could modulate regeneration (Haenold et al., 2014). For example, NF-κB is activated in the retina and at the lesion site after optic nerve crush injury, and cell-type-specific deletion of the positive regulator RelA in neurons and oligodendrocytes led to robust axonal growth, indicating that abrogation of NF-κB may stimulate axonal growth (Haenold et al., 2014). Conversely, genetic loss of the NF-κB suppressor p50 promoted degeneration and inhibited axonal growth. In addition, intravitreal delivery of a p65 mutant increased RGC survival in optic nerve crush and transient ischemia by constitutively activating NF-κB (Dvoriantchikova et al., 2016).Therefore, the Wnt/β-catenin pathway may coordinate with the proinflammatory NF-κB pathway to modulate axonal regeneration in the optic nerve.

Growth inhibition {#sec2-3}
-----------------

Intrinsic barriers limit the regenerative potential of injured neurons in the mammalian CNS, including expression of genes that reduce axonal growth, such as Kruppel-like factor-4 (KLF4) and ephrins (Schmitt et al., 2006; Cui et al., 2013). KLF4 suppresses axonal regeneration following injury to the mouse optic nerve (Moore et al., 2009). Evidence for an interaction between KLF4 and Wnt comes primarily from proliferating cells. For example, KLF4 directly antagonizes β-catenin/TCF binding at Wnt target promoters in cancer cells by reducing β-catenin binding to TCF4 (Sellak et al., 2012). Furthermore, KLF4 physically interacts with TCF4 and the C-terminal transactivation domain of β-catenin and blocks formation of a multiprotein complex required for promoter modification of Wnt target genes (Evans et al., 2010). The interaction of KLF4 with β-catenin, or to other members of the Wnt pathway, has not been examined in the retina, optic nerve or elsewhere in the CNS. KLF4 also blocks the DNA-binding activity of Stat3 in RGCs (Qin et al., 2013), raising the possibility that KLF4 may regulate Wnt3a-induced Stat3 levels and reduce the regenerative ability of endogenous Wnt3a. Further studies are needed to determine whether exogenous Wnt stimulation could over-come the inhibitory activity of KLF4 to induce axonal regeneration.

Ephs are a large family of receptor tyrosine kinases that play important roles in various cellular activities, including axonal guidance, and are stimulated by A and B subtypes of ephrin ligands (Pasquale, 2008). A well-studied function of ephrins is their role in topographic organization of the retinocollicular projections (Triplett and Feldheim, 2012). Through mechanisms not fully understood, Wnt signaling has been associated with Eph/Ephrin Bs to establish topography along the medial-lateral axis of the superior colliculus, which corresponds with the ventral-dorsal axis of the retina respectively. The expression pattern of Wnt3 in the mouse superior colliculus is similar to the region-specific EphrinB that guides axonal growth (Schmitt et al., 2006). Furthermore, canonical Wnt signaling upregulates EphB and downregulates ephrin B, and ephrin A3-EphA4 activation suppresses Wnt3a/β-catenin signaling within retinal stem cells, indicating cross-talk between the two signaling systems (Clevers and Batlle, 2006, Fang et al., 2013).

Several extracellular inhibitory molecules prevent axon regeneration in mammals after axonal injury. For example, deletion of phosphatase and tensin homolog (PTEN) in RGCs, which negatively regulates mammalian target of rapamycin (mTOR), resulted in significant axonal regeneration following nerve injury (Park et al., 2008). Although no studies have reported direct interaction between Wnt and the mTOR pathways in the context of nerve injury, GSK3β inhibits mTOR by phosphorylating TSC2, which is a negative regulator of mTOR activity. During neuronal development, GSK3β interacts with mTOR and inhibits mTOR-dependent cortical progenitor self-renewal (Ka et al., 2014). Inoki et al. (2006) demonstrated that Wnt activates mTOR in multiple cell lines, and blocking mTOR activity suppressed Wnt-induced cell growth in bone marrow stromal cells. Wnt may also promote optic nerve regeneration by blocking GSK-3β inactivation of CRMP2, which promotes axonal regrowth in the presence of inhibitory molecules (Leibinger et al., 2017). These data suggest a connection between Wnt and mTOR through GSK3β, which needs to be explored within the nervous system following injury.

β-catenin and microtubules {#sec2-4}
--------------------------

Microtubules and actin rapidly depolymerize after axonal injury, and subsequent stabilization and polymerization of these cytoskeleton elements is essential for growth cone formation, transport of molecules to the axon tip, axonal growth and regeneration. β-Catenin associates with the actin cytoskeleton through its interaction with α-catenin and cadherins. Several studies provide evidence that β-catenin plays a role in growth cone remodeling and microtubule stability. β-Catenin localizes to the growth cone in chick dorsal root ganglion (DRG) neurons, and alterations in β-catenin, GSK3β and Axin levels at the growth cone mediate semaphorin3A-induced effects on growth cone dynamics and cytoskeletal reorganization (Hida et al., 2012). Also, β-catenin associates with microtubule plus-ends in polarized epithelial cells and colocalizes with the microtubule plus-end tracking proteins EB1 and CLIP-170 (Bellett et al., 2009), which are involved in neuronal growth cone advancement and direction. Additionally, Hur et al. (2011) demonstrated that the activity level of GSK3β modifies actin-microtubule association and axon outgrowth in cortical neurons, as noted earlier. When GSK3β was highly active, the microtubule-associated protein CLASP dissociated from microtubule plus ends and axonal growth was reduced, whereas with moderate GSK3β activity, CLASP could bind to microtubules and promote axon elongation. With low GSK3β activity, CLASP promoted association with F-actin and caused microtubule looping instead of outgrowth (Hur et al., 2011). Although the Hur study used shRNA to regulate GSK3β activity, varying the dose of Wnt ligands could also regulate GSK3β activity levels and subsequent effects on microtubules, which provides another potential link between Wnt/β-catenin, microtubule stability and axonal growth (**Figure [2-(4)](#F2){ref-type="fig"}**).

A study by Purro et al. (2008) used time-lapse recordings to show that Wnt3a regulates growth cone remodeling in DRG neurons by altering microtubule stability through differential binding of its downstream proteins APC and Dvl1 to the positive ends of microtubules. In the presence of Wnt3a, APC disassociated from the plus ends of microtubules, which blocked forward growth and caused the microtubules to loop back, suggesting that Wnt-APC regulates growth cone steering. The activity of APC on microtubules required β-catenin and GSK3β inhibition, although it was not dependent on β-catenin transcriptional activity. The authors concluded that the effect of Wnt3a on growth cone remodeling is consistent with a role for Wnt3a as a target-derived signal that regulates terminal arborization of axons as they arrive at their targets and form synapses (Purro et al., 2008). Interestingly, the amount of APC bound to growth cones of extending DRG neurites correlates with increased neurite growth (Zhou et al., 2004), and APC loss correlates with growth cone pausing and enlargement (Purro et al., 2008). Also, levels of phospho-β-catenin, which is influenced by Wnt signaling, regulate microtubule reorganization in other cellular regions (Ligon et al., 2001; Huang et al., 2007) and may be involved in neurite stabilization and growth. Therefore, these studies indicate several links between proteins in the canonical Wnt signaling pathway and growth cone/cytoskeleton changes, although studies that examine the effect of directly manipulating β-catenin have not yet been reported.

The non-canonical Wnt pathway is associated with microtubule stability through its regulation of calcium influx, which is a major early event after injury and is essential for axonal sealing and growth cone formation. For example, in cultured hamster cortical neurons, Wnt5a increased axon outgrowth by redistributing microtubules to one side of the growth cone through calcium signaling and CaM kinase II (CaMKII) activation (Li et al., 2014). Also, Daam, a component of the non-canonical Wnt pathway, binds to F-actin and microtubules. Daam is essential for linking the actin and microtubule cytoskeletons, and loss of Daam disrupted microtubule stabilization, growth cone formation and axon growth (Szikora et al., 2017). Furthermore, Dishevelled, which connects Wnt receptors to its downstream effectors in both the canonical and non-canonical pathways, also plays a role in microtubule stability. In neurons, Dvl regulated microtubule stability and growth cone size by inhibiting GSK-3β-mediated MAP-1B phosphorylation (Ciani et al., 2004). Dvl1 interaction with the actin-binding protein Esp8 is essential for Wnt3a-mediated axonal remodeling and growth cone enlargement in rodent DRG neurons (Stamatakou et al., 2015). Therefore, stabilizing the microtubules of growing axons by Wnt signaling is another potential mechanism of Wnt-dependent axon growth.

Future Studies {#sec1-7}
==============

Studies in mammalian and fish optic nerve and spinal cord injury models indicate the effect of Wnt ligands on axonal growth depends on the cell types with activated Wnt signaling, the type of ligand, the timing of activation relative to the injury and the site of activation. Further studies are needed to determine whether the extent of axonal regeneration is influenced by the dose of Wnt activator and the type of Wnt ligand/receptor combination, as shown in the developing CNS. It will also be important to determine how extrinsic Wnt signaling within glia affects axonal regeneration of adjacent neurons, for example, Muller glia and RGC interactions within the retina during optic nerve regeneration. Glia may be involved immediately after injury to promote neuronal survival, or they could also promote regeneration several days to weeks afterwards. Surviving RGCs do not necessarily grow axons if axonal growth cues are lacking (Pernet and Schwab, 2014). Also, successful axonal regeneration requires the assembly of a growth cone and sustained elongation. Whether signaling from Wnt ligands leads to growth cone assembly and changes in direction and movement, and whether it uses GSK3β/APC to integrate the complex series of events involving local molecular signaling and events in the cell, remains to be discovered. Also, several Wnt pathway components regulate neurite growth independently of Wnt ligands, such as SFRP1, but how these signals integrate to Wnt pathways is unknown.

Finally, off-target effects of Wnt signaling are possible because Wnt/β-catenin induces angiogenesis and tumorigenesis under certain conditions. Fortunately, negative effects from Wnt3a injections were not observed in our previous studies (Patel et al., 2015, 2017) or reported by others. Off-target effects from other regenerative therapeutic molecules are also expected, including Stat3, KLF4 and mTOR, due to their essential roles in the CNS, but should not detract from using these molecules in experimental systems to understand the fundamental mechanisms of axonal regeneration. In summary, accumulating evidence suggests that Wnt has therapeutic potential for axonal regeneration after injury, and future studies will help define its mechanism of action to maximize its regeneration efficacy.
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